and pyruvic acids are formed. By this sequence, tartrate is dehydrated to oxaloacetate, which in turn is usually decomposed so rapidly to pyruvate that it is difficult to isolate any oxaloacetate produced by the action of the dehydratase. Only Shilo (1957) , who used EDTA to inhibit oxaloacetate decarboxylase in cell-free extracts of tartrate-grown Pseudomona8 species, has reported the formation of oxaloacetate in good yields; this was made the basis of an assay of tartrate dehydratase. In the present investigation we used a species of PWeudomonas which, in contrast with those studied previously, contained no more oxaloacetate decarboxylase when grown with tartrate than when grown with other compounds as sole sources of carbon. This organism, which converts glycine into glycerate (Dagley, Trudgill & Callely, 1961) , appears to metabolize (+ )-tartrate by a reaction sequence in which decarboxylation to give glycerate precedes the removal of water so that oxaloacetate is not a reaction intermediate: after phosphorylation, glycerate is converted into pyruvate by enzymes common to glycolysis. A brief account of some of this work has already appeared (Dagley & Trudgill, 1962) .
MATERIALS AND METHODS
Maintenance and growth of organim8. Pseudomonwa (A) was one of four species isolated from poultry-house deeplitter (Bachrach, 1957) . Peudomonas (G) was isolated in Leeds by elective culture in geranic acid medium. Stock cultures were maintained on nutrient-agar slopes and when sealed with Parafilm (A. Gallenkamp and Co. Ltd., London, E.C. 2) could be kept for several months at 40 without desiccation.
For experimental use cells were grown with forced aeration at 30°in media adjusted with NaOH to pH 7-2 and containing, per litre: KH2PO4, 2 g.; (NH4)2S04, 1 g.; carbon source, 1 g.; MgSO4,7H20, 0-4 g. After growth for 18 hr.
large crops of cells were harvested in a Sharples continuous-flow centrifuge, smaller crops by batch centrifuging. The harvested cells were washed once bv suspension in phosphate buffer, pH 7*2 (KH2PO4; 2 g./l.), and then centrifuged at 4300g for 10 min. at 3°. For manometric work the washed cells were resuspended in the appropriate buffer and used immediately. Gas exchanges catalysed by cell suspensions or cell extracts were measured in Warburg manometers at 30°; for those involving uptake of 02, centre wells contained strips of Whatman no. 542 filter paper and 0-2 ml. of 20% (w/v) KOH. Growth of cultures was followed by measurement of their turbidities in a Spekker photoelectric absorptiometer (Dagley, Dawes & Morrison, 1950) .
Preparation of ceU extracts. Freshly grown cells were disintegrated by exposure for 4 min. at 00 to the output of a MSE-Mullard ultrasonic disintegrator at an average frequency of 20 kcyc./sec. For this purpose the harvested wet cells were resuspended in phosphate buffer, 2 ml. of buffer being used for each 1 g. of cell paste. After clarification of the extracts by centrifuging at 26 000g, for 45 min., protein concentrations were determined by the method of Sols (1947) .
Partial purification of (+ )-tartrate carboxy-lyase. activity for the enzyme is defined as 1 pmole of C02 evolved from 10 umoles of ( + )-tartrate/hr., the specific activity of a fresh extract was usually 3 0-45 units/mg. of protein, and after treatment with protamine sulphate this was increased by about 10 %. The following operations were carried out at 20. A saturated solution of recrystallized (NH4)2SO4 (Sutherland & Wosilait, 1956 ) was added to bring the cell extract to 35% saturation, the precipitate was centrifuged and discarded, and a further addition of saturated (NH4)2SO4 was made to bring the solution to 40% saturation. The pellet obtained by centrifuging was dissolved in 2 ml. of potassium phosphate buffer, pH 7 0, containing MgSO4 (1 mm) and mercaptoethanol (1 mM), and the solution was applied to a column (20 cm. x 1 cm.) of Sephadex G-50 (100-250 mesh). The same buffer was used to elute the enzyme, which appeared in the 6-12 ml. fraction. This procedure removed (NH4)2SO4, which emerged from the column after 15 ml. of eluate had been collected. When it was desired to study the action of inhibitors of enzymes containing thiol groups ( Weimberg, 1959) followed by butan-lol-pyridine-water (1:1:1, by vol.; Morrison, 1953) . The ammonium salts of carboxylic acids were chromatographed in ethanol-aq. NH3 (sp.gr. 0-880)-water (20:1:4, by vol.; Long, Quayle & Stedman, 1951) . For 2,4-dinitrophenylhydrazones of keto acids, ascending chromatograms were run on Whatman no. 4 papers in butan-l-ol-ethanol-(NH4)2CO3 buffer (40:11:19, by vol.; Dagley, Fewster & Happold, 1952) . Radioactive compounds were located on chromatograms by radioautography and identified by elution, co-chromatography with unlabelled materials and radioautography. Non-volatile carboxylic acids used as carriers were located by spraying with a 1 % solution of aniline and xylose in 95 % (v/v) methanol (Wood, 1958 (Radin, Metzler, Bloom & Westerfield, 1955) Chemical analyses. Glyoxylate and pyruvate were determined by the method of Friedemann & Haugen (1943) .
Determination of enzyme activities. Glyoxylate carboligase (Krakow, Hayashi & Barkulis, 1959) , malonylcoenzyme A carboxy-lyase (Gray, 1952; Hayaishi, 1955) , oxaloacetate carboxy-lyase (Krampitz & Werkman, 1941; Herbert, 1951) and the tartrate-decarboxylating enzyme were all assayed manometrically under anaerobic conditions. Cell-free extract, potassium phosphate buffer and cofactor additions were contained in the main compartments of Warburg flasks and the substrate was placed in the side arm. The initial rates of CO2 evolution were obtained by the addition of 0-1 ml. of 50 % (w/v) trichloroacetic acid or 0-2 ml. of 2N-H2SO4 from the centre well to stop the reaction and expel all CO2 from solution.
Tartronic semialdehyde reductase (Gotto & Kornberg, 1961) present in cell extracts containing glyoxylate carboligase was assayed by measuring spectrophotometrically at 340 mz the rate of oxidation of NADH by an excess of tartronic semialdehyde that was produced enzymically from sodium glyoxylate before NADH was added. When cell extracts contained no glyoxylate carboligase a solution of tartronic semialdehyde was first prepared from sodium glyoxylate by the action of a heattreated extract of glycine-grown Pseudomonas (A). When a cell extract of this organism was maintained at 550 for 20 min. the tartronic semialdehyde-reductase activity was decreased from 180 to less than 0-4,moles of tartronic semialdehyde converted/hr./mg. of protein, whereas the glyoxylate-carboligase activity remained unaltered; an extract clarified by centrifuging after this treatment could therefore be used to convert glyoxylate into tartronic semialdehyde.
RESULTS

Oxidation of substrates by whole celle of Pseudomonas (A)
Cell suspensions of Pseudomonas (A) grown with (+ )-tartrate as sole source of carbon oxidized succinate and DL-glycerate rather more rapidly than they did (+)-tartrate or oxaloacetate, but glyoxylate and tartronate were oxidized only slowly (Fig. 1) . The suggestion that glycerate might be formed during tartrate metabolism was supported by experiments in which growing cultures were exposed to (+ )-[1,4-14C2]tartrate for intervals of 2, 5, 10 sec. and longer, chromatography and radioautography being used to study the distribution of 14C in compounds extracted from the cells with hot ethanol (Kornberg, 1958) . Radioactivity appeared first in glycerate and soon afterwards in malate; subsequently the percentage radioactivity in these two compounds fell and that in lactate and alanine rose (Dagley & Trudgill, 1962 under these conditions; the extinction for the glycerate compound at 680 m,u is about 4-5 times that for tartrate (Fig. 2) . Equal quantities of a washed suspension of P8eudomonas (A) grown with (+ )-tartrate were shaken in air with (+ )-tartrate in a series of Warburg flasks; uptake of oxygen was measured in one of the flasks, and in the others, which contained trichloroacetic acid instead of potassium hydroxide in the centre wells, evolution of carbon dioxide was followed by tipping acid at various time-intervals, a correction being applied for the uptake of oxygen. The initial rate of evolution of carbon dioxide observed greatly exceeded the rate of uptake of oxygen (Fig. 3a) . For oxidation of tartaric acid to carbon dioxide and water with no assimilation of material by the cells, the theoretical ratio for carbon dioxide evolution to oxygen consumed, both quantities being expressed in ,umoles, is 1V6; from the results of Fig. 3 this ratio is 12-2 after 2 min., falling to 5-3 after 5 min. and to 2-3 after 30 min. Contents of flasks in which the reactions had been stopped by addition of trichloroacetic acid were freed from bacteria by centrifuging, METABOLISM OF TARTRATE BY A PSEUDOMONAS and portions of 0 5 ml. of the clear supernatant solutions were treated with chromotropic acid reagent (Bartlett, 1959) . For samples taken during the first 2 min. of oxidation of (+ )-tartrate by the cells, extinctions at 680 m,u increased and then fell rapidly between 2 and 5 min. (Fig. 3b) . The spectrum for the sample taken at 2 min. resembled that for the compound formed by a solution of 0-28 ,-mole of glycerate/0.5 ml. (Fig. 2) . If it is assumed that the initial evolution of gas (Fig. 3a) was due entirely to enzymic decarboxylation of tartrate, then formation of the volume of carbon dioxide measured at the end of 2 min. would require the decomposition of rather more than half of the initial substrate, leaving 0-78 ,umole of (+ )-tartrate/ 0*5 ml. of reaction mixture. A solution of disodium tartrate of this concentration was treated with chromotropic acid; its spectrum is also shown in (a) Uptake of 02 and evolution of 02; (b) appearance of reaction intermediates. For uptake of 02 (C) the reaction conditions were as in Fig. 1 , l0!pmoles of (+)-tartrate being added. Amounts of C02 evolved (0) were measured after tipping 0.1 ml. of 50% (w/v) trichloroacetic acid from centre wells at the end of reaction periods. The formation of a compound reacting as glycerate (A) was detected by the production of a coloured compound with 0.01% (w/v) chromotropic acid in conc. H2SO4; this is expressed as an extinction at 680 m,u. Pyruvate (A) was assayed as its 2,4-dinitrophenylhydrazone.
the clear supernatant solutions were also determined by the method of Friedemann & Haugen (1943) ; chromatography of the 2,4-dinitrophenylhydrazone of each sample showed that pyruvate was the sole keto acid, and each spectrum of the compound in alkaline solution was identical with that of an authentic sample of the 2,4-dinitrophenylhydrazone of pyruvate. The concentration of pyruvate increased and reached a maximum during the period when that of the compound presumed to be glycerate diminished rapidly (Fig. 3b) (Table 2) .
Cell extracts attacked meso-tartrate slowly and (-)-tartrate at a negligible rate (Table 3) .
There was no simple stoicheiometric relationship between the amount of NADI added and the carbon dioxide evolved; thus, for the liberation of about 6 p.moles of carbon dioxide from 10 ,umoles of (+ )-tartrate in a reaction time of 50 min., 2 1umoles of NAD+ were added, whereas there was no significant evolution of carbon dioxide in this time without addition of NADI (Fig. 4) Effect of pH. The activity of (+ )-tartrate carboxy-lyase was greatest at pH 6-3-6-6 (Fig. 5) .
Stoicheiometry of the reaction. Sodium (+ )-[1,4-'4C2]tartrate (0.96 ,umole) was incubated with partially purified enzyme for 64 min., protein was removed and the ammonium salts of the acids were chromatographed and assayed by direct counting. The only spots having detectable radioactivity were those of tartrate and glycerate; 1 ,mole of glycerate was formed from 1 ,umole of tartrate decomposed, if it is assumed that 1 ,umole of 14CO2 tions of glyoxylate carboligase and tartronic semialdehyde reductase were present in extracts of Pseudomonas (A) grown with glycine or tartronate, these enzymes were barely detectable when the organisms were grown with (+ )-tartrate or with succinate or malonate (Table 7) . Further, cell suspensions of Pseudomonas (A) grown with (+)-tartrate did not oxidize dihydroxyfumarate or dioxosuccinate (Fig. 1) ; neither did spectrophotometric examination of solutions at 340 mjp show any oxidation or reduction of NAD when these compounds were incubated with extracts of tartrate-grown cells. No NADH was formed when such extracts were incubated with (+ )-tartrate.
Comparison of (+ )-tartrate metabolism in
Pseudomonas (A) and Pseudomonas (G) Cell suspensions of Pseudomnonas (A) grown with (+ )-tartrate oxidized DL-glycerate more rapidly than they did (+)-tartrate; the reverse was the case for Pseudomonas (G) (Fig. 6) . Cell extracts from the two organisms grown with (+ )-tartrate also differed: there was no evolution of carbon dioxide from (+ )-tartrate unless NADI was added to cell extracts of Pseudomonas (A), whereas the rate of evolution for Pseudomonas (G) extracts was halved when 10 moles of NADI were added to a reaction mixture containing 10 ,umoles of (+ )-tartrate. In the presence of added NADI, the evolution of carbon dioxide/hr./mg. of protein was about tenfold greater for extracts of Pseudomonas (A) than for those of Pseudomonas (G) . When an extract of (+ )-tartrate-grown Pseudomonas (G) was incubated in a Warburg flask under nitrogen for 45 min., 47 ,umoles of carbon dioxide were evolved and 4 15 ltmoles of pyruvate were formed (identified by chromatography and spectroscopic examination of the 2,4-dinitrophenylhydrazone).
The addition of 10 pmoles of EDTA reduced the evolution of carbon dioxide to 1-38 ,umoles in 45 min., and oxaloacetate, in addition to pyruvate, was then detected by chromatography. EDTA (10 ,umoles) also inhibited the production of carbon dioxide by the action of a similar extract of Pseudomonas (A) on (+ )-tartrate, but no keto acids were detected in this case. Oxaloacetate-carboxy- lyase activities for the two cell extracts were assayed by measuring the rate of carbon dioxide evolution from oxaloacetate in Warburg flasks under nitrogen; the reactions took place at pH 7-0 and carbon dioxide was released by tipping trichloroacetic acid at suitable time-intervals. Much more oxaloacetate carboxy-lyase was present in extracts of Pseudomonas (G) was proposed by Barker (1936) for dissimilation of tartrate by bacteria, and was studied further by Shilo (1957) and by Krampitz & Lynen (1956) . These reactions appear to occur in P8eudomona8 (G) since cell extracts decomposed (+ )-tartrate to give pyruvate and carbon dioxide in approximately equimolar amounts; and, when EDTA was added, less carbon dioxide was formed and some oxaloacetate was detected. Previous workers found that extracts of bacteria grown with tartrate possessed powerful oxaloacetate-carboxy-lyase activity, and we found that the specific activity of this enzyme in extracts of Pseudomona8 (G) was about 44-fold greater than for Pseudomonas (A) when both organisms were grown with (+ )-tartrate. The biochemical differences between them strongly suggest that, whereas P8eudomona8 (G) converts (+ )-tartrate directly into oxaloacetate, P8eudo-moncas (A) does not. Nomura (1953a-c) , who studied the anaerobic fermentation of (+ )-tartrate by whole cells of a Pseudomona8, considered the possibility that tartrate might be decarboxylated into glycerate, but the distribution of 14C amongst fermentation products, and the action of certain inhibitors, did not support this suggestion; apparently tartrate was dehydrated to oxaloacetate by the species of P8eudomonas that he used.
P8eudomona8 (A) grown with (+ )-tartrate readily oxidized glycerate, and cell extracts formed stoicheiometric amounts of glycerate and carbon dioxide from (+ )-tartrate, which therefore appears to be metabolized by this strain as shown in Scheme 1 (reaction 4). Dagley et al. (1961) showed that glycine-grown P8eudomona8 (A) converted glycerate into phosphate esters which were metabolized to pyruvate, probably by the wellknown reactions of the Embden-Meyerhof scheme. This route (Scheme 1, dotted arrow) appears to be taken when whole cells oxidize tartrate since the transitory appearance of pyruvate was preceded by that of a compound that, from its reaction with chromotropic acid, appeared to be glycerate (Fig. 3) . However, the decarboxylation of (+)-tartrate by Paeudomona8 (A) presents two problems: first, although conversion into glycerate is nonoxidative, it did not occur unless oxygen was admitted to whole cells; and secondly, cell extracts were not active unless NAD+ was added. A system similar in some respects was that of Shimazono & Hayaishi (1957) , who isolated from a fungus an enzyme that catalysed the reaction:
Oxalate -+ formate + C02; this would not proceed in the complete absence of oxygen, although it was necessary to admit only 1 ,mole of the gas for the decarboxylation of 10 ,-moles of oxalate to occur. Although the function of the oxygen might have been to convert a necessary cofactor into an oxidized form, additions of NAD+ had no effect on oxalate-carboxy-lyase activity.
Vol. 89 29 (Kun, 1956; Kun & Hernandez, 1956 ). The conversion of tartrate into glyoxylate before assimilation would imply the presence of a high concentration of glyoxylate carboligase, as in glycine-grown cells. However, the amounts of glyoxylate carboligase, like those of tartronic semialdehyde reductase, were low in tartrate-grown P8eudomonw (A) ( Table 7) .
The strong inhibition of (+)-tartrate carboxylyase by Cu2+ ions andp-chloromercuribenzoate, the action of the latter being partially reversed by GSH, indicates that the enzyme contains essential thiol groups; iodoacetate did not inhibit, but Barron (1951) has listed several enzymes known to possess thiol groups that are not affected by iodoacetate. The 'activating' effect of NAD+ on an enzyme not behaving as an oxidoreductase is unusual but not unknown. C-rystalline D-glyceraldehyde -3-phosphate-NAD oxidoreductase (phosphorylating) is a thiol enzyme that, in addition to catalysing the conversion of D-glyceraldehyde-3-phosphate into D-1,3-diphosphoglycerate, will also catalyse the transfer of acetyl groups from acetyl phosphate to various acceptors such as coenzyme A and glutathione. This enzyme requires the presence of NAD for transferase activity although the coenzyme does not function as a hydrogen donor or acceptor in transfer reactions (Harting & Velick, 1954) . It may be suggested that, in this case, and with (+ )-tartrate carboxy-lyase, the NAD has an effect on the maintenance of the proper configuration of the protein for catalytic activity. Rabin & WVhitehead (1962) (+)-tartrate carboxy-lyase and D-glyceraldehyde-3-phosphate--NAD oxidoreductase, the 'activating' effect of NAD in these cases will not be explained until it is understood why this specific compound, and not others that combine with thiol groups, is able to maintain the enzyme protein in the required configuration for activity. Dagley et al. (1961) showed that Pseudomoonas (A) metabolizes glycine by the 'glycerate pathway' (Scheme 1). The present work shows that some of these reactions are used for the metabolism of other compounds and the amounts of particular enzymes depend on the substrate used for growth. Thus, in tartronate-grown cells, as in those grown with glycine, there are high concentrations of glyoxylate carboligase and tartronic semialdehyde reductase: presumably tartronate is oxidatively decarboxylated to glyoxylate, for neither glycollate which would arise by direct decarboxylation nor oxomalonate which would arise by oxidation were metabolized by tartronate-grown cells or their extracts. Glyoxylate carboligase and tartronic semialdehyde reductase were effectively absent in tartrate-grown and malonate-grown cells, but the former possessed (+ )-tartrate carboxy-lyase whereas the latter did not; however, high concentrations of malonyl-coenzyme A carboxy-lyase were present in malonate-grown, but not in tartrate-grown, P8eudomonas (A showed maximum activity at pH 6-3-6*6, was strongly inhibited by thiol reagents and did not attack other hydroxy acids.
5. The metabolism of P8eudomona8 (A) is contrasted with that of another species of P8eudomonas that converts (+ )-tartrate directly into oxaloacetate by a reaction studied by other workers.
